Abstract
INTRODUCTION
Hyperglycemia after liver transplantation (LT) is a common phenomenon associated with increased risk of allograft rejection [1, 2] . Poor glycemic control is also implicated in other post-LT complications including infection [3] [4] [5] , acute kidney injury [6] , new onset diabetes after transplantation (NODAT) [7, 8] , and malignancy, in addition to complications related to the metabolic syndrome including increased cardiovascular risk [9] . Despite the importance of post-LT glycemic control, there are no evidence-based guidelines on how to manage hyperglycemia in the post-LT period. Moreover, it is unclear what degree of glycemic control is associated with graft failure and complications such as infections. Similarly, predictors for poor glycemic control and NODAT in LT recipients have not been identified, apart from donor gr aft steatosis [9] , post-LT immunosuppression [10] [11] [12] , steroid use, and hepatitis C virus (HCV) infection [13] . These gaps in our existing knowledge necessitate a review of the literature on glycemic control and perioperative outcomes in LT recipients.
Given the increasing prevalence of non-alcoholic fatty liver disease (NAFLD) and metabolic syndrome, many patients will arrive at transplant with some degree of insulin resistance. Post-LT hyperglycemic management will be essential to improving patient care and outcomes. The incidence of NODAT ranges from 20% to 44% among LT recipients, with rates varying depending on methodology used [8, 9, 11, 14] . The aim of this qualitative systematic review is to analyze methods for targeting glycemic control including specific therapeutic regimens or insulin protocols utilized in LT recipients, and to determine associations between glycemic control and post-LT outcomes such as mortality, graft rejection, or infection rate. To achieve this goal, we reviewed prospective interventions targeting glucose control, as well as retrospective studies that examined the association between glucose control and relevant perioperative transplant outcomes.
MATERIALS AND METHODS

Overview
Our qualitative systematic review included a priori search criteria of journal articles and conference abstracts among adult (age ≥ 18 years) human orthotopic or living donor LT recipients. Studies were limited to the English language and had to include at least one relevant outcome of interest such as patient survival, graft rejection, infection rate, acute kidney injury, and graft survival. Given the focus on perioperative glucose control, study outcomes were limited to glucose control during the first year post-LT.
Databases and search terms
A health sciences librarian with clinical input from our study team designed the apriori search strategy. PubMed (https://www.ncbi.nlm.nih.gov/pubmed), EMBASE (https://www.elsevier.com/solutions/embasebiomedical-research), SCOPUS (https://www.scopus. com), Clinical trials.gov (https://clinicaltrials.gov), and WHO ICTRP (http://www.who.int/ictrp/en) using the search terms outlined in Supplementary Table 1 . Searches were performed on October 18, 2016 and updated in December 2017. All studies prior to this date were included.
Study selection
Using the various databases outlined above, our search yielded a total of 1624 results after removing duplicate results. Four reviewers (PP, SRL, RAL, and ASB) independently screened the titles and abstracts of 406 search results each for potential eligibility and a consensus was reached to include a total of 14 studies in the final analysis (Figure 1 ). Although the search strategy was designed to exclude patients receiving other transplants from this review, some of these studies included patients that received combined liver-kidney transplantation. These patients were included since the results were reported in a composite manner (i.e., data for liver transplantation alone patients vs combined liver-kidney transplantation patients were not reported separately). Overall, the number of liver-kidney transplantation patients was relatively small, and the results were predominantly driven by LT recipients alone.
Quality assessment
Four reviewers independently assessed the risk of bias in each study. Selected studies were reviewed based on representativeness of study population, comparability of cohorts, adequate assessment of outcomes, sufficient length of follow-up, adequacy of follow-up, and source of study funding. The prospective randomized study was assessed using the Cochrane risk of bias tool and the Newcastle-Ottawa Scale (NOS) was used for the cohort/case-control studies [15, 16] .
RESULTS
This qualitative systematic review includes results from 14 full text articles. Of the 1624 records identified el ectronically, 780 were duplicates and 109 were eligible after abstract review. Of the 109, there were 22 articles that were reviewed and retrieved in full-text form. Of these, 8 were excluded and data from 14 full text articles (11 retrospective studies, 2 prospective studies and 1 cross-sectional study) were found to be eligible and included in this review (Figure 1) .
Characteristics of included studies
The characteristics of the included studies are shown in Tables 1 and 2 . A total of 3692 patients (3077 patients were retrospectively studied; 615 patients were prospectively studied) from 14 studies were included. The studies spanned 20 years from 1996 to 2016 with most occurring in the past decade and included transplants pe- [23] United Kingdom 2014 430 DBD DCD NODAT Keegan et al [17] United [4] United States/ Taiwan
Trail et al [20] United States 1996 497 PTDM Case-control PTDM morbidity PTDM leading to infections and graft rejection Wallia et al [1] United mortality. The retrospective review compared patients with strict glycemic control (mean blood glucose < 150 mg/dL) vs those with poor control (mean blood glucose ≥ 150 mg/dL). A total of 184 patients were analyzed (n = 60 for strict control, n = 124 for poorly controlled). The strict control group had a mean glucose of 135 mg/dL while the poorly controlled group had a mean glucose level of 184 mg/dL. Baseline donor and recipient characteristics for both groups were similar with the exception of recipient age (47 ± 2 years vs 53 ± 1 year; strict vs poor control, respectively). The Kaplan Meier survival analysis showed a significantly improved one-year survival rate in the strict glucose control group (91.2%) as compared to that in the poorly controlled group (78.1%). The one-year mortality rate was found to be 8.8% and 21.9% (P = 0.05) for patients in the strict controlled group and poorly glucose control group respectively. Keegan et al [17] also evaluated the impact of perioperative glycemic control in OLT patients. This retrospective analysis studied the impact of the initiation of a nurse-initiated protocol for glycemic management (protocol group) vs glycemic management prior to the initiation of the protocol (pre-protocol group). Prior to the implementation of the protocol, a variety of insulin infusion protocols and ad hoc sliding scales were used at the discretion of the physician for glycemic control.
rformed in the United States, United Kingdom, Taiwan, Spain, South Korea, and Hungary.
Risk of bias in included trials
Supplementary Table 2 shows the risk of bias assessment of all the included trials. Of the 14 studies that were included, 11 were retrospective in nature and carry a potential to be inherently biased. NOS was used to assess risk of bias for the cohort/case-control studies and a modified version of the NOS was used for the single cross-sectional study. The single randomized prospective study, for the most part was deemed to have minimal bias utilizing the Cochrane risk of bias tool [15, 16] .
Study outcomes
Clinical outcomes for each trial are summarized in Table 3 . Major outcomes of interest in relation to blood glucose (BG) level include mortality, graft rejection, infection rate, acute kidney injury (AKI), graft survival, post-transplant diabetes mellitus (PTDM), and NODAT.
Mortality
Three studies evaluated the relation between glycemic control and mortality in orthotopic liver transplantation (OLT) patients. Ammori et al [5] found a statistically significant association between glycemic control and 
Paka P et al. Perioperative glucose management in liver transplant
Under the protocol, a nurse would initiate a continuous intravenous (Ⅳ) insulin infusion within 48 h post-OLT if a patient's BG was greater than 130 mg/dL. The insulin infusion would be titrated as necessary (based on hourly readings) to reach a target BG goal of 80-130 mg/dL. The primary purpose of this quality improvement study was to identify the percentage of all measurements that were in the hypoglycemic (BG < 60 mg/dL) or severely hyperglycemia (BG > 250 mg/dL) range. These measurements were compared between preprotocol and protocol groups. A total of 158 patients were available for analysis (n = 84 in the pre-protocol group; n = 77 in protocol group). Severe hyperglycemia was observed in 90 of the 581 measurements (15.5%) in the pre-protocol group and 15 of the 539 (2.8%) in the protocol group (OR for protocol group 0.16; CI: 0.09-0.28). Statistical significance, however, was not seen in one-year mortality between the protocol group and the pre-protocol group. Four out of 75 patients (5.3%) died in the protocol group, compared with 5 out of 83 patients (6.0%) in the pre-protocol group (OR for death in the protocol group, 0.89; 95%CI: 0.23-3.42; P = 0.86). Linder et al [18] evaluated the insulin burden between liver transplant patients that developed PTDM vs patients that did not. BG levels between these two groups were reported as well as mortality rates. A total of 114 patients were retrospectively analyzed and while postoperative BG levels were similar in the ICU setting between the two groups, a statistically significant difference in floor (nonICU) average BG levels (mg/dL) was seen between patients that developed PTDM and those that did not (184.7 ± 31.5 and 169.3 ± 31.4 respectively, P = 0.013). Statistically significant differences in one-month average BG levels were also seen-176.0 ± 31.1 for the PTDM group and 160.6 ± 28.0 for the non-PTDM group (P = 0.007). However, there was no significant difference in oneyear mortality in the PTDM and non-PTDM groups.
Graft rejection
Four studies examined the association between glycemic Paka P et al. Perioperative glucose management in liver transplant [22] United States 2005 107 Rosiglitazone -PTDM Welsh et al [28] United [5] (retrospective study)
Keegan et al [17] (retrospective study
Linder et al [18] (retrospective study)
Graft rejection Mean BG > 200 mg/dL increases risk of rejection Although, mean BG were lower with the use of GMS, it did not lead to lower rate of rejection Conflicting evidence exists relating to the development of PTDM and its relation to rejection Wallia et al [1] (retrospective study)
Wallia et al [19] (retrospective study)
Linder et al [18] and Trail et al [20] (retrospective studies)
Infection rate BG ≥ 150 mg/dL is associated with higher infection rate BG ≥ 200 mg/dL increases risk of SSIs Use of GMS led to lower rate of infection Higher BG levels post-LT also led to increased incidence of HCV recurrence No association between BG levels and post-LT CMV infection Development of PTDM did not lead to higher infection rate Ammori et al [5] (retrospective study)
Park et al [27] (retrospective study)
Wallia et al [1] (retrospective study)
Gelley et al [21] (retrospective study)
Trail et al [20] (retrospective study)
Post-transplant diabetes mellitus/new onset diabetes mellitus
Rosiglitazone ± sulfonylurea is a potential option for the management of PTDM Post-LT hyperglycemia is associated with the development of PTDM Insulin use was significantly higher in PTDM patients with inadequate BG Villanueva et al [22] (prospective study)
Alvarez-Sotomayor et al [24] (retrospective study)
Acute kidney injury and graft survival High glucose variability is associated with post-LT acute kidney injury No association between post-LT BG levels and graft survival Yoo et al [6] (retrospective study)
Wallia et al [1] and Trail et al [20] (retrospective studies)
BG: Blood glucose; PTDM: Post-transplant diabetes mellitus; GMS: Glucose management service; HCV: Hepatitis C virus; LT: Liver transplantation.
levels and graft rejection in liver transplant recipients. In a retrospective analysis conducted by Wallia et al [1] (n = 144), there was a statistically significant association between glucose level and graft rejection. Higher rates of rejection were seen in patients with a mean BG level > 200 mg/dL compared to those that had a mean BG level < 200 mg/dL (76.7% and 35.1% respectively; P < 0.001). A retrospective subgroup analysis by Wallia et al [19] (n = 73) studied the effect of a glucose management service (GMS) on blood glucose levels and its impact on clinical outcomes including graft rejection.
The GMS consisted of a group of nurse practitioners supervised by an endocrinologist responsible for managing BG. The BG levels were managed by the primary transplant team in the non-GMS group. The mean inpatient BG level during the peri-transplant period was 189.0 ± 45.0 in the non-GMS group and 157.9 ± 32.3 in the GMS group (statistical significance data not provided). Although, patients in the non-GMS group had higher BG levels, hyperglycemia did not lead to higher rates of graft rejection (45% in the non-GMS group vs 29% in the GMS group, P = 0.156).
In the previously described retrospective analysis by Linder et al [18] , biopsy-proven acute rejection (BP-AR) was also studied as an outcome and there was a statistically higher incidence in PTDM vs non-PTDM patients (41.7% vs 24.2% respectively, P = 0.048). Similarly, a retrospective study by Trail et al [20] (n = 497), studied morbidity, including graft rejection, in DM patients after LT compared with matched control patients. Mean fasting blood glucose for patients with PTDM was 122.3 ± 5.0 mg/dL compared to 101.9 ± 3.9 mg/dL for the matched control patients (P < 0.01). Despite the statistically significant difference in glycemic levels between the PTDM group and matched control group, the number of rejection episodes was similar between the two groups, i.e., rates of rejection were not significantly different between groups.
Infection
Six retrospective studies evaluated the association between glucose levels and infection. Park et al [4] studied the association between intraoperative hyperglycemia and surgical site infection (SSI) postoperatively in a retrospective study (n = 680). Of the 680 patients, 76 (11.2%) experienced SSI after LT. Severe hyperglycemia (defined as mean BG ≥ 200 mg/dL) was seen in 37.8% of the 76 patients with SSIs compared to only 21.9% of the 604 non-SSI patients (P = 0.002) suggesting an association between the occurrence of SSIs and mean BG levels ≥ 200 mg/dL. Similarly, In the study by Ammori et al [5] , infectious complications when assessed 30 d post-LT were significantly associated with worse glucose control-among the strict glucose control group (mean BG < 150 mg/dL), there were 60 (30%) post-LT infections, compared to 124 (48%) infections in the poor glucose control group (mean BG ≥ 150 mg/dL) (P = 0.02). The retrospective subgroup analysis by Wallia et al [19] found that the patients in the non-GMS group with higher BG levels exhibited higher rate of infection compared to the patients in the GMS group at one-year post-LT follow up (79% vs 51% respectively, P = 0.015). Gelley at al [21] found that higher early postoperative fasting plasma glucose led to higher incidence of HCV recurrence (diagnosed with histology criteria of the Knodell score), although no data was shown with regards to BG levels. In contrast to the above studies, Linder et al [18] showed no association between glycemic level and post-LT CMV infection (patients with PTDM had higher BG levels compared to non-PTDM patients). Similarly, Trail et al [20] also showed no significant difference in in fectious rates between patients with PTDM and those without PTDM. This study also evaluated the severity of infection as well as the type of infection and no differences were seen between the two groups.
Post-transplant diabetes mellitus and new-onset diabetes after transplantation
Villanueva and Baldwin evaluated the use of Rosiglitazone (ROSI) therapy for patients with PTDM. DM was diagnosed according to the American Diabetes Association (ADA) criteria (symptoms of hyperglycemia with post-prandial BG ≥ 200 mg/dL, or fasting BG ≥ 126 mg/dL on two separate occasions). The study followed 40 patients that developed PTDM that were initially stabilized by twice-daily NPH and regular insulin. These patients were subsequently started on ROSI 4 mg/d with the treatment goal to discontinue insulin while maintaining a target goal of HBA1c ≤ 6.5%. Thirty of the patients that were initially treated with insulin were able to discontinue insulin within 3-4 mo. Three patients required chronic insulin therapy despite ROSI ± a sulfonylurea, and were considered insulin dependent. ROSI monotherapy was sufficient in 12 pa tients (30%), whereas 25 patients (62.5%) required ROSI + sulfonylurea to maintain insulin independence and normoglycemia. ROSI was continued at 4 mg/d in 25 patients while 15 patients required an increase to 8 mg/d. PTDM patients treated with ROSI maintained a mean HBA1C of 5.6% ± 0.8 (target BG levels were < 100 mg/dL for fasting glucose and < 140 mg/dL for post prandial glucose). A commonly seen side effect among patients treated with ROSI was edema (13%). These data suggest ROSI ± sulfonylurea may be a potential intervention that can reduce insulin burden in patients with PTDM [22] . Linder et al [18] also showed that patients who dev- [23] demonstrated that pulse highdose steroids was an independent predictor of NODAT [OR 3.1 (1.7-5.6), P = 0.001]. In addition, this study also demonstrated donor graft type was associated with early occurrence of NODAT (within 15 d post-LT). Multivariate analysis showed donation after cardiac death (DCD) graft type was associated with significantly early occurrence of NODAT compared to donation after brain death (DBD) graft type [OR 6.5 (2.3-18.4), P = 0.001].
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In addition to the previously mentioned outcomes, PTDM has also been associated with higher insulin use in post-LT patients. A cross-sectional study by AlvarezSotomayor et al [24] evaluated 344 patients of whom 141 patients experienced PTDM (157 total but 16 patients did not have HbA1c readings prior to enrollment). Patients with PTDM who had adequate glycemic control (defined as HbA1c < 7%), were significantly less dependent on insulin (39.4%) compared to patients with inadequate glycemic control (80.8%) (OR 6.6, 95%CI: 1.8-24.6, P < 0.001). Finally, Chung et al [25] found male sex, emergency surgery, surgical time (≤ 9 h), and serum lactate (> 5 mmol/L) to be independent predictors for refractive hyperglycemia (RH), however, most postLT outcomes were not significant in relation to RH.
Acute kidney injury and graft survival
Other outcomes of interest including AKI, graft survival, and complications related to hospitalization were not studied extensively. Three studies evaluated graft survival and no statistically significant association was seen between post-LT glycemic control and graft survival [1, 19, 20] . Similarly, no association was seen between BG levels and re-hospitalizations [1, 19] . A study by Yoo et al [6] demonstrated no association between hyperglycemia and AKI in LT recipients; however, patients with greater glucose variability, as defined by the SD of blood glucose levels, more commonly presented with AKI (P = 0.019). Using SD as a surrogate marker for glucose variability, patients were divided into quartiles according to the SD of intraoperative and postoperative (initial 48 h of ICU admission) blood glucose levels.
Patients with the lowest SD were assigned to the first quartile, ranging to those with the highest SD who were assigned to the fourth quartile. Glucose variability was significantly associated with AKI among patients in the third quartile (23.3% of patients with no AKI vs 30.3% with AKI, OR 2.47, CI: 1.22-5.00, P = 0.012) and fourth quartile (22.1% with no AKI and 31.1% with AKI, OR 2.16, CI: 1.05-4.42, P = 0.035).
DISCUSSION
This qualitative systematic review of 14 studies examined post-LT glucose control, interventions designed to target glucose control, and associations with post-LT outcomes including infection rate, PTDM, AKI, graft survival and mortality. Ultimately, this review concludes that perioperative hyperglycemia leads to unfavorable post-LT outcomes; however, the degree to which it plays a role may depend on the specific outcome in question. There is strong evidence to support an association between perioperative hyperglycemia and post-LT outcomes such as high infection rate and graft rejection [1, 4, 5, [18] [19] [20] 26] . A review by Park et al [27] that focused specifically on intraoperative hyperglycemia found a similar association between hyperglycemia and infection rate. In contrast, the strength of the evidence that exists to support an association between perioperative hyperglycemia and outcomes such as mortality and graft survival is not as well founded [1, 5, [17] [18] [19] [20] . High glucose variability may also be a factor with the development of certain complications such as AKI [6] . In addition, donor graft type (DCD vs DBD) may also play a role in the early occurrence of NODAT (within 15 d post-LT) [23] .
What was difficult to discern from these studies was the target BG level associated with poor post-LT outcomes. The studies in this review used different target BG levels to evaluate different outcomes, thus making it difficult to associate the degree of glycemic control with certain outcomes and also limiting comparisons that could be made between studies. The studies also varied in their definition of PTDM, the timing of glucose monitoring (immediate post-operative to days post-LT), and the medications used to manage hyperglycemia (ranging from insulin infusion to oral meds). The variability in the studies is what limits the comparisons that can be made and is the reason we can only perform a qualitative review of the literature. Additionally, most of the studies were retrospective observational studies and were not designed to study the specific association between hyperglycemia and post-LT outcomes. Finally, there were some studies that included a small number of combined liver-kidney transplant recipients and the results were reported in a composite manner, thereby making it difficult to detect LT-specific associations between glucose control and post-LT outcomes.
In this review, all of the relevant literature regarding glucose control and post-LT outcomes was compiled systematically using an apriori search strategy of the major medical literature databases. The data were compiled in a qualitative, descriptive manner due to the heterogeneity among research strategies and outcomes that exist in published literature
The conclusions from this review have robust implications for clinical practice. It is imperative to monitor glucose control pre-and post-LT. Along with hyperglycemia, it is also important to consider complications associated with strict glycemic control such as hypoglycemia and high insulin burden when deciding specific BG levels to target. Welsh et al [28] demonstrated the impact of hypoglycemia (defined as glucose ≤ 70 mg/dL) pertaining to intensive and moderate glycemic control Paka P et al. Perioperative glucose management in liver transplant in post-LT patients. There were a higher number of hypoglycemic patients in the intensive group and these hypoglycemic patients had significantly higher peak insulin drip rates, higher peak insulin glargine, and more importantly had significantly longer hospital stay. Therefore, it is crucial to target perioperative BG levels within a range that would limit complications associated with both hyper-and hypoglycemia. A reasonable target, based on our findings would be a range between 120 mg/dL to 150 mg/dL, given that BG ≥ 150 mg/dL were associated with negative post-LT outcomes. In addition, interventions through nurseinitiated glucose management protocols to achieve specific target BG levels, early screening to identify patients at high-risk for PTDM, and use of oral agents for management of PTDM seem to be a promising approaches to minimize post-LT outcomes [17, 22, 24] . Although not discussed extensively in this review, optimizing immunosuppression regimens may also play an important role as noted by the potential association between basiliximab and pulse steroids with PTDM [18, 23] . Song et al [29] conducted a retrospective study in China and demonstrated that lower exposure of tacrolimus (measured by mean tacrolimus concentration at 6 mo) was associated with less risk of developing NODAT and its related complications. This suggested that not only optimizing the regimen important but also the dosing of immunosuppressive drugs utilized in the regimen need to be optimized. Such recommendations would be strengthened by prospective randomized data and thus highlights the need for further study in this area. The need for close monitoring of glucose levels post-LT will become even more important in the future. More patients with insulin resistance will come to transplant in the coming years. NAFLD is the fastest growing indication for transplant and will become the leading indication over the next decade [30, 31] . The change in disease etiology may also be accompanied by donor grafts from older patients with DM and obesity that may be more susceptible to poor outcomes from hyperglycemic stressors [32] . As NAFLD increases prevalence, the transplant community will see more NAFLD among both living donors as well. A reliable assessment of hepatic steatosis is of paramount importance for living donor selection as significant steatosis can impact the postoperative outcomes of recipients and safety of the donor [33] . Because of these challenges, the focus could be on developing and establishing a standardized protocol for the monitoring of blood glucose levels. The frequency of test like hemoglobin A1c, glucose tolerance test, and use of tools such as continuous glucose monitoring should be further explored.
Prospective clinical studies need to further examine the impact of perioperative glycemic control in LT recipients with specific attention to the outcomes listed above. An ideal target range for BG levels needs to be determined and specifically investigated in terms of reducing negative outcomes associated with both hypo-and hyperglycemia, as well as adverse events related to post-LT complications due to impaired glucose control.
ARTICLE HIGHLIGHTS
Research background
There are no standard guidelines to properly manage hyperglycemia in the perioperative period of liver transplantation.
Research motivation
Understanding the importance of blood glucose level and proper strategies to manage post-liver transplantation hyperglycemia could help reduce adverse outcomes
Research objectives
The primary objective was to identify an ideal blood glucose level to achieve in the perioperative period for patients undergoing liver transplantation. In addition, exploring treatment regimens to achieve the target blood glucose can help identify better strategies for the management of these patients in the future.
Research methods
This is a qualitative systematic review that utilized key search terms to find studies on PubMed and other common databases. The search terms were in relation to liver transplantation and blood glucose level management in the perioperative period.
Research results
A total of 14 studies fit the criteria to properly study the objectives. The findings from this qualitative review suggests that blood glucose levels greater than or equal to 150 mg/dL in the perioperative period generally leads to negative post-liver transplantation outcomes. Specifically, there was an increased risk of infections, graft rejection, PTDM, and mortality. Graft survival was not impacted by hyperglycemia and there was an increased risk of acute kidney injury with high glucose variability in the perioperative period.
Research conclusions
The findings from the compiled studies in this review suggest a blood glucose level between 120 mg/dL and 150 mg/dL could potentially be an ideal target to manage hyperglycemia post-liver transplantation. In addition, early screening, use of oral agents, and utilizing resources such as a glucose management service could be potential strategies to limit adverse outcomes posttransplantation.
Research perspectives
Future studies can validate the findings from this review through a prospective study while implementing some of the strategies discussed in this review to minimize post-liver transplantation outcomes.
